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PREFACE

This work is part of a larger programme of ionic reaction studies at

thermal energies conducted by the senior authors of this report. The

overall programme includes studies of ion/neutral reactions, electron

attachment, electron/ion recombination, ion/ion recombination and other

plasma reaction processes. The work is largely intended as a

contribution to the physics of natural plasmas, such as the ionosphere

and the interstellar medium and of laboratory plasma media, such as gas

laser systems, etchant plasmas and combustion plasmas. A great deal of

relevant data has been obtained principally by exploiting the variable-

temperature selected ion flow tube (VT-SIFT), the variable-temperature

selected ion flow drift tube (VT-SIFDT) and the variable-temperature

flowing afterglow/Langmuir probe (VT-FALP) techniques which were

developed in our laboratory. Part of the overall programme is supported

by a grant from the Science and Engineering Research Council.

We gratefully acknowledge the important contributions made to the various

aspects of the work described in this report by Dr. C.R. Herd, Dr. C.A.

Mayhew, Dr. J.F. Paulson, Dr. K. Gile-s and Mr. M.A. Geoghegan.

(Ov)



I INTRODUCTION

Our major commitment under the terms of the grant has been to study

various gas-phase ionic reactions at thermal and near-thermal energies,

with special reference to reactions that may occur in the terrestial

atmosphere and in combustion and discharge plasmas. Such reaction

processes include (a) electron attachment (b) electron-ion recombinationa

and (c) ion-neutral reactions. All these reaction processes can be

studied using our selected ion flow drift tube (SIFDT) and Langmuir

probe/flowing afterglow (FALP) apparatuses. Using these techniques, the

rate coeficients and products for numerous reactions of the types

referred to above have been determined. During the period covered by

this report we have added laser and vacuum ultraviolet spectroscopic

techniques to the very versatile FALP technique and this has allowed us

to study the neutral products of some dissociative recombination

reactions.

The results of the studies carried out during the first two years of

the grant were presented in detail in the Interim Scientific Reports No 1

(dated 30th September 1988) and No 2 (dated 30th September 1989). This

work has now been reported in several published papers given in the

reference list to this report (references 1 - 11), and in summary is as

follows:

(i) Electron Attachment

We have studied electron attachment reactions of the free radicals

CC1 3 and CCI 2Br (ref 1), of C6F5Cl, C6F5Br and C6F51 (ref. 2), of

CF3SO3CH3 and CF3SO3C2H5 (ref 3) and of some haloethanes (ref. 4). In



most cases the rate coefficients for these reactions have been obtained

at more than one temperature.

(ii) Positive Ion-Electron Dissociative Recombination

We have measured the dissociative recombination coefficients for

several polyatomic ions at 300K (ref. 5) and summarised the FALP

determination of dissociative recombination coefficients in a review

paper (ref. 6). Following the addition of the laser and VUV

spectroscopic techniques to the FALP, we studied quantitatively the

production of OH radicals in the recombination of HCO 2+ ions (ref. 7) and

also for H30
+ and N2OH

+ ions (ref. 8).

(iii) Ion-Neutral Reactions

We have determined accurately the relative proton affinities of H20,

CS2 and C2H4 (ref. 9) and carried out detailed studies at 300K of the

reactions of ions in the series PHn+ ( n - 0 to 4) with several molecular

gases (ref. 10) and reactions of Kr+, Kr2+, Xe+ and Xe2+ with several

molecular gases (ref. 11).

In the next section of this Final Scientific Report, we refer to the

studies we have carried out during the third and final year of the grant

period. Some details of these studies are given in Appendices 1 - 4 of

this report.



II SUMMARY OF RECENT RESULTS

An overview of the SIFT and FALP work carried out in recent years is

given in the review paper included as Appendix 1 to this report.

(a) Electron Attachment

The rate coefficients and product ions for the electron attachment

reactions of CF2Br2 , CFBr 3 , Cr2BrCF2Br, CH2BrCH 2Br and CH2ClCH 2Br have

been determine I at three temperatures. The interesting result obtained

is that Br2 " is a significant product of the CF2Br2 , CFBr3 , CF2BrCF 2Br and

CH2BrCH 2Br reactions along with Br- (the major product in each reaction and

at all three temperatures). CI" was the only observed product in the

CH2ClCH2Br reaction. The significance of these results is discussed in

the paper included as Appendix 2 to this report.

(b) Positive Ion-Electron Dissociative Reccmbination

Following our pioneering work to determine the fractions of OH

radicals released per recombining molecular ion, fOH (see refs 7 and 8),

we have now determined the fractions of r atoms released per recombining

ion for some selected ions. This work was carried out in parallel with

similar studies at The University of Rennes, France (B. Rowe and

colleagues). The results of these pioneering studies are summarised in

the short paper included as Appendix 3 to this report. The detailed

results and further discussion will be given in a fuller paper at a later

3



date.

(c) Ion-Neutral Reactions

The rate coefficients and product ion distiibutions have been

determined for the reactions of F+ , C1+, Br+ and I+ with some fifteen

molecular gases using the SIFT at 300K. Several reaction processes are

observed amongst these many reactions and the differing rate coefficients

and product ions for these reactions are interpreted in terms of the

recombination energies of the reactant ions, the ionization energies of

the reactant molecules and the available electronic states in the product

ions. The results of this study are summarised in the short paper

included as Appendix 4 to this report. The detailed results will soon be

reported in two major research papers.

III CONCLUSIONS

A great deal of progress has been made towards the objectives

outlined in the original grant application. A large number of reactions

have been studied in the three different categories viz (a) electron

attachment (b) dissociative recombination and (c) ion-neutral reactions.

These results are presented in some detail in the eleven papers given in

the reference list (and referred to in the Introduction) and in the four

appendices to this final report. Of special note a' e the first

measurements of the attachment rate coefficients for molecular (unstable)

Lree radlicals aU tLe first quaratLve oluseraLloJ. Of OR and H radcals"

released in dissociative recombination of selected molecular ions. In

all, the results obtained during the three years of the grant represent a

4



very significant contribution to the understanding of ionic and

electronic interaction in gases at thermal energies.
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SIFT AND FALP DETERMINATIONS OF IONIC REACTIONS

RATE COEFFICIENTS

D. Smith and N.C. Adams

School of Physics and Space Research
University of Birmingham, Birmingham, BI5 2TT, UK

A brief review is presented of some recent results of
studies of ionic reactions at thermal energies using
the selected ion flow tube (SIFT) and the flowing
afterglow/Langmuir probe (FALP) techniques in our
laboratory. From the SIFT results, we summarise the recent
data on positive ion-molecule reactions, much of which
relate to the synthesis of interstellar molecules. Thus,
for example, data are discussed relating to the reactions
of some hydrocarbon ions in the series CnHm+, and
phosphorus-)earing ions in the series PHn+, which can lead
to interstellar hydrocarbon and phosphorus-bearing
molecules. From the FALP results, we summarise the data
obtained on the rate coefficients for dissociative
recombination, highlighting the recent work on the
determination of the products of some dissociative
recvwbination reactions, and discuss recent results on
studies of dissociative electron attachment reactions.
Reference is also made to our earlier studies of ion-ion
mutual neutralization.

I. Introduction negative ions thus greatly modifying the
Thermal and near-thermal energy physical and chemical characteristics of

reactions involving at,- e and molecular the ionized gas; (iii) positive ion-
species (neutral or ionzed) and electron recombination which acts to
electrons occur in most ionized media, return the ionized state to the neutral
thus modifying the chemical composition sItate and also creates new neutral
of the media. In this sense, such ionic species (often reactive radical species)
reactions are important in naturally- in the gas; (iv) positive ion/negative
occurring ionized gases inrluding the ion mutual neutralization, which
terrestrial atmospheric regions (the obviously removes ions of both sign of

ionosphere, stratosphere and charge from the media and again generates
troposphere), other planetary atmospheres new neutral species in the gas; (v)
and interstellar gas clouds, and in associative detachment reactions between
laboratory plasmas such as gas lasers and negative ions and radicals (atoms or
surface etchant plasmas, and in electron molecules) which release free electrons
capture detectors and atmospheric and form new neutral species. In the
pollution monitors. The types of media mentioned above, most of these
reactions that may occur include: (i) reaction processes will be occurring both
binary and ternary ion-molecule sequentially and in parallel, usually
reactions, which convert positive ions amounting to a large number of individual
and negative ions to chemically different reactions. Thus 'chemical evolution' of
ions and can also produce large cluster the media occur. For example, in the
ions (especially at high ambient terrestrial stratosphere each of the
pressures and when polar molecules are processes (i) to (v) occur 1. However,
present); (ii) electron attachment there is yet no convincing evidence that
reactions which convert free electrons to negative ions are involved in the gas
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phase ion chemistry which results in the using a quadrupole mass filter and then
production of the molecules observed in injected through a venturi inlet into
interstellar clouds (although there is a fast-flowing carrier gas (usually
possible proviso to this which we mention helium). These primary ions thermalise
later in Section 3.2(ii1)). It should be in multiple collisions with the carrier
mentioned also that reactions bcween gas and are convected downstream where
neutral species (especially those they are sampled via a pinhole orifice
involving neutral radical species) also into a mass spectrometer/detection
occur in many ionized media and system. Reactant gases are introduced at
contribute to the gas phase chemical a controlled flow rate into the
evolution of the media, but we will not thermalised swarm of ions and the
be concerned with such reactions here. resulting decrease in the primary ion

The reasons for studying thermal signal to the downstream detection system
energy ionic reactions is both to and the detection of product ions of the
understand the fundamentals of the reaction provide values for the rate
processes Involved and also to provide coefficients and the product ion
critical data for inclusion in the distributions for the reactions.
complex ion-chemical models which have Measurements can be made at temperatures
been constructed to describe the within the approximate range 80 to 600K.
chemistry of ionized media. Much has Reactions of positive ions and negative
been written about this topic and many ions can be studied; indeed some
comprehensive reviews are available 2. In thousands have been studied 6,7 involving
this paper, we are concerned specifically a wide variety of reactant ions
with the data obtained relating to the (including cluster ions) and reactant
thermal energy ionic reaction processes neutrals (including vapours, acids and
(i) to (v) above, obtained using the atomic radicals). A variant on the SIFT,
extraordinarily versatile and productive the selected ion flow drift tube ISIFDT),
selected ion flow tube (SIFT) 3 and in which an accurately defined drift
flowing afterglow/Langmuir probe (FALP) 4 field is established along the length of
apparatuses developed and exploited in the flow tube, allows measurement of rate
our laboratory. In particular, we coeiicients for ion-neutral reactions at
discuss some of the most recent results elevated centre-of-mass energies of the
we have obtained, most of which relate to reactants 8. The SIFDT is providing an
reactions believed to occur in the increasing amount of data, and
terrestrial atmosphere and in comparisons with low energy beam data are
interstellar gas clouds. Interest in being made. The SIFDT data find valuable
these media has provided great stimulus application in modelling the chemistry of
to the study of ionic reactions at shocked regions of interstellar gas '
thermal energies. The FALP apparatus was designed for

the study of plasma reaction processes,
2. The SIFT and the FALP Apparatuses especially positive ion-electron

Both the SIFT and the FALP are fast recombination, ion-ion neutralization and
flow tube experiments. They have been electron attachment 10,11,12. A flowing
described in detail in some recent afterglow plasma is created by a
reviews 3,4. microwave discharge in the upstream

The SIFT apparatus was designed for region of a fast flowing carrier gas. By
the study of ion-neutral reactions under virtue of the flow, ions and electrons
truly thermalised conditions. The are transported downstream and they relax
principle of the technique is simple. from the snrarhermal energies in the
Ions are created in an ion source, discharge to thermal energy in the
usually by electron impact on an downstream afterglow plasma. Again,
appropriate source gas (however, several helium is the most commonly used carrier
types of source have been used including gas and thus He+ ions, electrons and
flowing afterglows 5), mass selected metastable helium atoms Hem (both 21S and

9



23S) are transported into the afterglow, coefficients, ai, can be determined ii
Also He2+ ions are created in three-body The above briefly illustrates the
collisions involving He+ ions and two He range of processes that can be studied
atoms (i.e. He+(2He,He)He 2

+) and by using the SIFT (ion swarm) and the FALP
associative ionization involving highly- (afterglow plasma) methods. Using these
excited He atoms (i.e. He*(He,e)He2+). techniques, most of the ionic and
Chemical modification of the plasma can electronic processes that occur in low
readily be achieved by the introduction temperature ionized media can be studied.
of appropriate gases into the afterglow. In combination they have been used to
For example, the addition of Ar removes study dissociative attachment (FALP) and
both Hem (by the reaction Hem(Ar,e)Ar+) the reverse associative detachment (SIFTI)
and He2+ ions (by He2+(Ar,2He)Ar+). A reactions (e.g. e(HBr,H)Br-; see Section
downstream mass spectrometer/detection 3.2(u1)). The value of SIFT experiments;
system (standard to traditional flowing in assisting in understanding the ion
afterglow apparatuses) is included to chemistry occurring in the FALP
monitor the ionic species (both experiments is great. For example, the
positively- and negatively-charged) in ion molecule chemistry which occurs in
the afterglow plasma. the creation of specific afterglow

The electron number density, ne, can plasmas for recombination studies can be
be determined at any position, z, along understood by exploiting the SIFT
the axis of the afterglow plasma column apparatus. This has been useful in many
using a movable Langmuir probe. The ways, not least in the study of the
axial variation of ne can be related to recombination of a variety of protonated
the nature and the speed of the loss ions which are created by proton transfer
processes for electrons. Thus, for from H3+ ions (e.g. H3+(CO 2 ,H2)HC02

+ ) 13
example, a linear plot of In ne versus z which we discuss briefly in Section
is indicative of loss by ambipolar 3.2(i). Finally, it cannot go
diffusion (as is the case for plasmas unmentioned that the recent addition of
comprising atomic ions (He+ , Ar+) and laser and VUV spectroscopic diagnostics
electrons only)4 . A linear plot of ne'l to the FALP experiment is now allowing
versus z is characteristic of plasmas in the neutral products of dissociative
which loss of electrons is by recombination reactions to be determined.
dissociative recombination; such can be This major advance is reported briefly in
produced by adding molecular gases to the Section 3.2(i).
He+/Ar+/electron plasma following which
recombining molecular ions are produced 3. Some Recent: SlFr and FALP Studies
by ion chemistry (e.g.Ar+(02 ,Ar)02+). As was previously mentioned, much of
From such observations, dissociative the SIFT and FALP work in our laboratory
recombination coefficients, ae, can be has been stimulated by our interest in
obtained 10. Similarly, the addition of interstellar chemistry, and a good deal
electron attaching gases increases the z- of the new data discussed in this paper
gradient of ne as electrons are converted refer to interstellar reactions. Thus it
to negative ions (e.g. e(CC14 ,CC13)Cl), is pertinent to mention here the elements
and thus electron attachment of interstellar chemistry that are
coefficients, P, can be determined 12. If responsible for the synthesis of the wide
sufficient electron attaching gas is variety of molecules that have been
added to the afterglow plasma, all the detected in interstellar clouds. Several
free electrons are rapidly converted to recent reviews discuss this chemistry in
negative ions and a positive lo:n-negative soue .14.
ion plasma is created. Then, using the Interstellar molecules are formed in
Langmuir probe to determine the axial the gas phase by many parallel and
variation in the positive ion and/or sequential binary positive ion-neutral
negative ion number density (n+ or n-), reactions which generate a diversity of
ion-ion mutual neutralization rate polyatomic ions. These ions can then
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dissociatively recombine with free and is now providing important data on
electrons to form the observed neutral ion-molecule reactions relevant to
molecules. The initial phases of this interstellar chemistry.
chemistry, starting from simple ions such The ion-chemical routes to the
as C+ and H3+, are now generally proluction of some interstellar species
understood as is demonstrated by the a . certain, especially those leading
reasonable agreement between the observed to ..e Larger, polyatomic molecules such
relative abundances of many interstellar as the :yanopolyynes (HCnN), and the
molecular species and the predicted larger hydrocarbons. This acts as the
abundances based on ion- chemical models stimulus for further active laboratory
(see, for example, ref. 15). Such models studies as does the discovery of new
required laboratory kinetic data for a interstellar molecules, such as the
large number of ion-neutral reactions and recent detection in the interstellar
many of these data are now available; the medium of the first phosphorus-bearing
lack of data relating to dissociative molecule, PN. 19 We refer to recent
recombination reactions has been an relevant SIFT work below.
inhibiting factor in this work until As mentioned above, it is only
quite recently (see Section 3.2(i)). recently with the advent of the FALP that

Simple ion-molecule reaction data relating to the dissociative
sequences such as those which are usually recombination of interstellar molecular
considered to lead to H20 production e.g. ions have become available 13. Using the
0+ H H2H2 + H2P 0 e FALP, recombination coefficients for

OH+  H2 +  H30 H20 (1) reactions such as the last in sequences
(1) and (2) are readily obtained. A

and NH3 production in interstellar clouds great uncertainty, however, is in the
H2  H H2 e neutral products of such reactions; we

N ..... ) NH4+ + NH3  (2) refer briefly to very recent FALP studies
on this in Section 3.2(i).

are readily studied using the SIFT Before discussing particular SIFT and
method. Generally, it is found that such FALP studies, it must be reiterated that
reactions are rapid at room temperature a stimulus for much of the work in our
6,7. All three ion-molecule reactions in laboratory has also been interest in
sequence (I) occur on every collision, atmospheric reactions and in reactions
i.e. the rate coefficients, k, for the occurring in laboratory plasmas 20. The
reaction are equal to the collisional FALP studies of electron attachment
rate coefficient kc 16. However, this reactions and ion-ion mutual
cannot always be assumed to be the case, neutralization referred to below have
and indeed the first and the last been carried out in part with these
reactions in sequence (2) are slow at applications in mind.
300K 17 More importantly, the k for
these reactions vary greatly with 3.1 SIFT Results
temperature and when it is appreciated In a short review such as this, which
that the temperatures of interstellar covers several types of processes, it is
clouds are very low (perhaps so low as 5K only possible to highlight a few of the
in some dense clouds, but more typically more interesting recent results that have
20K) then it is important to obtain been obtained. Perhaps none is more
kinetic data at appropriately low interesting and significant to
temperatures. Currently, SIFT interstellar chemistry than the
appatatuses are operated down to O^^'" and coordinated LheoreLiLal and experimental
a good deal of valuable data have been work that has shown that collisional rate
obtained at this temperature 3,6. A very coefficients, kc, for ionic reactions
exciting new experiment (the so-called involving polar reactant neutral
CRESU apparatus 18, which we refer to molecules increase dramatically with
again below) can be operated down to 8K decreasing temperature 21. The physical

11



reason for this is clear. The minimum It is a straightforward procedure to
potential energy path for ion- molecule inject particular protonated ions into
reactions is a collinear neutral reactant the helium carrier gas, allow them to
dipole/ion trajectory and this is more thermalise and then add a variety of
readily achieved as the rotational neutral gases or vapours to the ion
excitation reduces (as the temperature swarm, and observe whether or not ptoton
reduces). Clary 22 devised a procedure transfer occurs from the ion to the
for calculating the rate coefficients for reactant neutral. In this way, it can be
such reactions for reactant molecules in ascertained if the PA(donor) is greater
specific rotation states (the so-called or less than the PA(acceptor) and thus a
ACCSA method) and in a co-ordinated SIFT 'proton affinity ladder' can be
study the proton transfer reactions of constructed. The PA(CS) was determined
H3

+ with HCN and HCI were studied over to be 188.2 ± I kcal mol "1 by this method
the temperature range 205 to 540K 21. 25, and very recently we have constructed
Excellent agreement was obtained between an accurate PA ladder for the molecules
the theoretically predicted kc and the CO(PA-141.4 kcal mol)l), Br2 , HBr, N20,
experimentally measured k. Subsequent HCI, Br, CH4 and CO2 (128.5 kcal mol

"1 )
measurements of k for several reactions 26. This work was greatly facilitated by
involving polar molecules at temperatures studying proton transfer reactions at
as low as 27K using the CRESU method have different temperatures, a feature
further demonstrated the validity of the essential for some of the other SIFT
theory 18. Thus the general conclusion studies mentioned below.
may be drawn that the kc for reactions A very large amount of data has been
involving polar reactants (e.g. HCN, NH3 , obtained relating to ionic reactions
etc.) at the low temperatures of thought to occur in interstellar clouds
interstellar clouds (-20K) greatly exceed notably using SIFT and ion cyclotron
their 300K values (typically l0 9 cm3s-1 ), resonance (ICR) methods (see the data
reaching -l0-7 cm3s'l for very polar compilation by Ikezoe et al 7). As a
reactants at -20K. This work has been result of the skilled and often inspired
reviewed quite recently by Clary 23. work of those who construct and interpret
Recognition of this phenomenon provided the detailed models of interstellar
the answer to a long standing problem in clouds 15,27 , the routes to many of the
astrochemistry, i.e. the anomolously less complex interstellar molecules have
high abundance ratio of HCS+ to CS in been identified with reasonable
interstellar dense clouds 24. Because of certainty. The routes to the more
the large dipole moment of CS the complex molecules are, however, less
reaction H3+(CS, H2) HCS+ is now expected certain principally because of the lack
to proceed more rapidly than had of laboratory data on reactions involving
previously been thought, thus enhancing polyatomic species. Thus work on this
the abundance of HCS + relative to CS. goes on unabated. We have recently

The abundance of HCS+ in interstellar carried out a detailed survey of the
clouds is also enhanced due to the very reactions of the hydrocarbon ions in the
large proton affinity (PA) of CS radicals series CnHm+ (n-4,5,6; m-0 to 6) with H2
25 Proton transfer between neutral and CO (the two most abundant molecules
species is known to be facile for proton in dense interstellar clouds) 28, which
transfer reactions XH+(Y, X)YH+ when represents the beginning of a determined
PA(Y)>PA(X). It is therefore important effort to identify the routes to the
to know the PA of a large number of production of polyatomic hydrocarbons in
neutral species in order to assess the dense interstellar clouds. (Important
loss rates of protonated species in real work in this area has also been carried
media such as interstellar gas clouds, out by Bohme 29 and McElvany 30 and
the terrestrial stratosphere and their colleagues). It is observed that
laboratory plasmas. In this regard, the generally only the very unsaturated ions
SIFT technique is especially valuable, in the series (i.e. m < 2) react with H2 ,
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undergoing H-atom insertion e.g. enric ad in deuterium. The rate
C4

+ , C4H
+ + H2 - C4H

+ , C4H2
+ + H (3) coefficients for the forward and reverse

So hydrocarbon ions cannot become of reactions (7),(8),(9) and (10) have
heavily hydrogenated by such reactions, been determined over significant
Thus more saturated polyatomic temperature ranges using the SIFT and the
hydrocarbon ions can only form from enthalpy and entropy changes in the
simple hydrocarbon ions in reactions with reactions have been determined 35. Very
hydrocarbon molecules e.g. recent SIFT studies in our laboratory of
¢3H3+ + C2H2 -- C5H5

+ + hv (4) the reactions of H3+, CH3
+ and C2H2

+ and
* Reaction (4) is an example of a their deuterated analogues H2D

+ , CH2D
+

radiative association reaction, a process and C2HD
+ are providing data also on the

which is considered to be important in mechanisms of such ion-molecule reactions
low temperature interstellar ion at thermal energies (a technique used to
chemistry 31. In laboratory experiments, great effect also by others 3). For
these reactions are generally observed to example, these studies show that in the
proceed via ternary association 6,32 e.g. reaction of CH2D

+ with CH4 .
C3H3

+ + C2H2 + He - C5H5
+ + He (5) CH2D++CH4 -- C2H5+(HD), C2H4 D+(H 2) (11)

Such is the case for the reactions with the D and the H atoms are quite
CO of the highly unsaturated ions in the equivalent and so the ratio of C2H5

+ and
series CnHm+, 28 e.g. C2H4D+ products are in accordance with
C4H

+ + CO + He - C4HCO
+ + He (6) simple statistical expectations.

and we have shown that the radiative However, for the reaction:
association analogue of these followed by CH2D++C2H 50H- C2H5 +(CH 2DOH)
electron-ion recombination could produce - CH2DOH 2+(C2H4 ) (12)
CnO molecules such as C30 which has been the D atom remains bonded to the same
detected in interstellar clouds 33. (Note carbon as it was before the reaction and
it is assumed that the ion C4HCO

+ formed D/H scrambling does not occur. Thus
in (6) could dissociatively recombine CH2DOH is formed in reaction (12) but not
with an electron to form C50.) CH3OD. Such experiments are pointers to

One of the most interesting the deuterated molecules that may be
interstellar observations is that several produced and be detectable in
molecular species are observed to be interstellar clouds.
enriched in deuterium (relative to SIFT studies of reactions in
expectations based on the D/H cosmical recognisable series with many reactant
abundance ratio) 34. As a result of much gases have made valuable contributions to
careful SIFT work 3 5 ,the suggestion first the understanding of the fundamentals of
made by Watson3 6 that this enrichment is ion-molecule interactions as well as to
the result of isotope fractionation in interstellar chemistry. Thus we have
ion-molecule reactions has been verified, previously studied in detail the
Deuterium enhancement occurs in the reactions of ions in the series CHn +,
elementary reactions NHn+, HnCO + and HnS + (for n from zero to
D+ + H2  H+ + HD (7) the value appropriate to saturated ions
H3+ + HD =- H2D+ + H2  (8) in each case) 6 and these have indicated
CH3

+ + HD CH2D
++ H2  (9) important routes to the synthesis of

C2 H2
+ + HD i C2HD+ + H2  (10) several interstellar molecules and

All these reactions proceed much faster greatly enhanced the understanding of the
to the right than to the left at low mechanisms of ion-molecule reactions.
temperatures by virtue of the zero- point- Recently we have studied the reactions of
energy differences between the reactants the ions derived from phosphine, i.e. the
and products, and so (7) fractionates D PHn + ions (n - 0 to 4) with several
into HD and (8),(9) and (10) fractionate molecular species most of which have been
D into H2D+, CH2D

+ and C2HD+. Hence, the detected in interstellar clouds 38. This

subsequent reactions of these ions can work was stimulated by the recent
result in other molecules which are detection of the first phosphorus-bearing
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molecule PN in the interstellar C2H2 , C2H6 , HC1. N20 and CO 42. The
medium 14 and the desire to know how it interest in these results is clear when
was formed. The PHn+ ions are seen to be it is appreciated that the M2+ dimer ions
very reactive with most molccules cannot generally be produced in the gas
(except, significantly. with H2 and CO); phase by association reactions of the M+
the reactions with NH3 produce PNH 2+ and ions with their parent molecule M, since
PNH 3+ which on recombination with such reactions usually result in other
electrons could result in PN. The products, e.g.
reactions of the PHn+ ions with CH4

+ + CH4 - CH5
+ + CH3  (16)

hydrocarbons commonly generate organo- However, some of the dimer ions e.g.
phosphorus ions which implies that organo- H20.H2O

+ , HCI+.HCI etc. have been
phosphorus molecules are probably present produced by ionizing the neutral dimers
in interstellar gas (molecules like CP, and their bond energies have been
HCP and HC3P; note that the analogous determined (see references in ref.42)..
nitrogen- bearing molecules CN, HCN and All the above examples of recent SIFT
HC3N are abundant interstellar species), studies refer to reactions between
A subsequent study of the reactions of translationaily-thermalised reactants.
the protonated species PNH + , POH+ , PSH +  The inclusion of the drift field in the
and H2CP

+ has enabled the proton SIFT (creating a SIFDT) allows reactions
affinities of PN, PO, PS and HCP to be between ions and neutrals to be studied
determined (by the method of bracketing at elevated centre-of-mass energies.
outlined above) 39. The surprise result SIFDT apparatuses are being exploited
of this study was the large PA of PN increasingly for such studies. A recent
(-191±2 kcal mol "I ) which suggests that review describes some of this work 9. Of
PNH+ must surely co-exist with PN in note is the study of the C+(H 2 , H) CH+
interstellar gas, since PN will accept a reaction 43 which is endothermic by 0.4
proton from most protonated species, e.g. eV but which is initiated at elevated
H2CN

+ + PN -o PNE + + HCN (13) energies. This reaction is considered to
Also, the large dipole moment of PN be important in the shocked regions of
(-2.747 Debye) 19 means that reactions interstellar gas 44 A comparison of the
like (13) will have large rate data on this reaction obtained using a
coefficients at low temperatures (again, SIFDT and low energy ion-neutral beam
following the ideas discussed at the methods has been made 9,43 However, it
beginning of this Section). must be remembered that the reactants in

The versatility of the SIFT technique a SIFDT are not in thermal equilibrium.
is clear; it can be used to r"udy the This feature has been exploited to study
reactions not only of ground state ions the influence of the rotational energy of
but also of metastable excited ions 8 the reactant neutral molecules on the
Following up earlier SIFT studies 40, we efficiency of some ion-neutral
have studied the reactions of the spin- reactions 45, studies which are difficult
orbit states (2P3/2 , 

2P1/2) of Kr
+ and to envisage using other methods.

Xe+ and the reactions of the molecular
ions Kr2+ and Xe2+ with a variety of 3.2 FAI2 Results
molecules 41. The molecular ions undergo As mentioned above, the
facile switching reactions with many extraordinarily versatile FALP apparatus
gases, e.g. is currently being used to study (i)
Xe2l + CH4 - XeCH 4

+ + Xe (14) dissociative recombination; (ii) electron
Further, the molecular product ions of atachment and (iii) ion-ion mutual
these reactions undergo switching neutralization. We briefly discuss some
reactions thus: of the recent studies of these processes
XeCH 4

+ + CH4 -- CH4 .CH4
+ + Xe (15) in the order given.

generating the dimer ions, M2+ (in the
above example M is CH4). Such reactions (i) Dissociative Recombination
have been observed also for M - H20, COS, Prior to the FALP work in this area,
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the most comprehensive study of this way the ae for a wide variety of
dissociative recombination at thermal protonated ions have been determined,
energies and the determination of many of interstellar importance some
recombination coefficients, ae, had been over a range of temperature 1,. A
achieved u-ting the stationary afterglow significant practical point is that such
(SA) technique 46. Thus the ae for some studies are not possible using the SA
important atmospheric ions, including 02+ technique, but ore possible with the FALP
and NO+, had been determined over because of the extraordinary chemical
appreciable temperature ranges. The versatility of this fast flow tube
initial FALP studies of ae(O2 +) agreed method.
well with the SA data both in magnitude These kinetic data on oe are vital
and in the variation with temperature to the proper understanding of molecular
(oe(O2+),T-0.7) 1O However, an obvious synthesis in interstellar clouds.
disagreement between the FALP and SA data Equally important is a knowledge of the
was apparent regarding the temperature neutral products of the dissociative
dependence of ce(NO+) and this has since recombination reactions of ground state
been resolved in favour of the FALP data polyatomic ions for which no data existed
and the data obtained using the trapped until quite recently. Now the FALP
ion method 47. apparatus has been used in conjunction

To date, the greatest value of the with LIF and VUV spectroscopic techniques
FALP in this area has been in the to determine the fraction of OH radicals
determination of the ae for a number of and H atoms produced in the dissociative
interstellar positive ions 13. Most recombination of H30+, HCO2+. N2OH+ and
significant of all is that it has been 02H+ . The details of the experimental
shown that the most important method are given in a very recent
interstellar ion H3+ in its ground paper 51, and the detailed results and
vibronic state (from which much of their interstellar significance is
interstellar chemistry begins) does not discussed in another recent paper 52.
recombine at a measurable rate in binary This exciting FALP/spectroscopy work is
collisions with electrons at and below just beginning. It will be extended soon
room temperature (and even at 500K). to probe the production of CN radicals in
Thus, under such conditions, the ae(H3+) the recombination of CN-bearing ions; it
is very small at l,0-10cm3 s" , a result also highlights the great value of the
in general accord with theoretical combination of the versatile FALP method
expectations 48, (Note, however, that and spectroscopy in studying ionic
vibrationally-excited H3+ does indeed processes at thermal energies. The
recombine rapidly 13). This quite enormous potential of this powerful
unexpected result has great import to combination is clear. It is now being
interstellar chemistry and is, of course, vigorously exploited in our laboratory.
also of fundamental Interest. A
discussion of this and other a(H3+) data (ii) Electron Attachment
has been included in recent reviews 49 Electron attachment is an important

That H3+ does not recombinte in the process in ionized gases containing
FALP plasma is of great practical value, electronegative gases. It converts free

H3+/electron plasmas can be readily electrons to negative ions and thus
formed and then converted to plasmas results in a change of the physical
comprising other protonated species, characteristics of the media
since proton transfer from 3+ to most (conductivity, dielectric constant etc.)
other species is facile (because PA(H2 ) and the ion chemistry occurring therein.
is small). Thus the addition of gases This process is important in the lower

like, for example, CO and H20 convert the terrestrial atmosphere, the negatively
H3+ plasma to HCO+ and H30+ plasmas via charged component of which is negative
the proton transfer reactions ions and not free electrons 1. Electron

H3+(CO,H 2 )HCO
+ and H3+(H20,H2)H30+ . In attachment also plays an important role
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in laboratory surface etchar.t plasmas 20. reaction
Two distinct attachment process.,- have H2SO4 + e - HS0 4 " + H (20)
been recognised: (1) dissociative is extremely rapid at 300K. Similarly,
attachment e.g. the 'superacids' FSO 3H and CF3SO3H
CCl4 + e I C1" + CC! 3  (17) v'apidly form the stable FS0 3 " and CF3SO3 "
in which a negative ion and a free negative ions in reaction with thermal
radical are formed, and direct electrons. Gaseous HI is similarly
attachment, e.g. 'acidic':
SF6 + e o (SF6 ")* - SF6 "  (18) HI + e 1 1- + H (A)
in which an excited negative ion of the The FALP measurements have shown that
parent molecule is formed which is the f for reaction (21) is
relaxed either by radiation emission or 3 x 10 7cm3s"I 56. The reverse of these
collisional deactivation. Both (17) and dissociative attachment reactions, in
(18) are fast, occurring essentially with which a free electron is released and a
unit efficiency (when P-fmax - 3 x new molecule formed, is known as
lO 7cm3s"1 at 300K) 12 associative detachment, Such reactions

The FALP technique has proved to be can be studied using the SIFT technique,
ideal for the study of these attachment and in a co-ordinated FALP and SIFT
processes at thermal energies and study, the forward and reverse reaction
attachment coefficients, 0, have been rate coefficients for reaction (21) and
measured over the approximate temperature also for the analogous reactions
range 200-600K for many reactions 53 . involving HBr have been measured 57. This
Generally speaking, the P for has allowed the enthalpy and entropy
dissociative attachment reactions changes in these reactions to be
increase with increasing temperature determined. The results obtained
(except when the reactions proceed very indicate that reaction (21) is
rapidly as is the case for reaction (17) essentially thermoneutral as expected
and (18)) and then the FALP data provide from the known bond energy of HI
values for the "activation energies" for molecules and the electron affinity of I
the reactions 12 53. The direct atoms.
attachment process is not fully It must be stressed that using the
understood; occasionally the fl actually FALP method, the P are detemined under
decrease with increasing temperature for truly thermalised conditions at the
these reactions, as was recognised in the particular temperature of the experiment.
FAL experiment for the C6F6 reaction 54. Thus by increasing the temperature, both
A very recent FALP discovery has been the electron (translational) energy and
that the CC13 radicals formed in the the reactant molecule translational and
"primary" dissociative attachment internal energies are increased. This is
reaction (17) undergo rapid "secondary" not the case for the well-known drift
dissociative attachment 5 thus : tube and Krypton photolonization methods
CC13 + e b CI" + CC12  (19) of determing P (referred to in ref 58) in
This has implications to the efficiency which only the electron energy is usually
of electron capture detectors, and may varied. Therefore, not surprisingly,
commonly occur for molecular radicals comparison of the results for these non-
containing halogen atoms (it certainly thermal experiments with those from FALP
also occurs fot CCI 2Br radicals 55, but experiments must be approached with
note that dissociative attachment to C1 2  caution. We have attempted to clarify
radicals is endothermic). the differences to be expected in the

Dissociative electron atcachmeni" in measured fi for some dissociat v
the gas phase is analogous to Bronsted attachment reactions of haloethanes by
acid behaviour in the liquid phase. Thus thermal and non-thermal experiments in a
strong Bronsted acids undergo rapid recent paper 58.
dissociative attachment, as a detailed A final point worthy of note here is
FALP study has shown 56. For example, the that in the study of numerous reactions
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of halocarbon compounds (such as the polycyclic aromatic hydrocarbons (PAH')
Freons), atomic halogen negative ions are may be present in dense clouds 62. If
seen to be the only products of this were so then mutual neutralization
dissociative attachment reactions, reactions with abundant positive ions
However, in our very recent FALP studies (e.g. H3+, HCO+) could result in
of some dibromoethanes (i.e. (CF2Br) 2 , ionization loss and the production of
(CH2Br) 2, the mclecular ion Br2 " appears neutral molecules, e.g.
as a significant product (together with PAH" + H3

+ - neutral products (24)
Br-) 59. This observation bears some At present this is somewhat speculative.
consideration and forcibly illustrates It does, however, present another
the importance of mass identification of challenge to the FALP to provide data on
the product ions of attachment reactions, such interesting reactions as 24).
a facility often not available in some
experiments. 4. Concluding Remarks

The above is merely intended to
(Lii)Positive Ion/Negative Ion Mutual illustrate the versatility and

Neutralization productivity of the SIFT and FALP
This process, often termed ionic techniques in the study of gas phase

recombination, is important when negative ionic processes at or near thermal
ions form a significant fraction of the energies. Whilst much has been achieved
negatively-charged species in a plasma. using these techniques much more can yet
Thus it plays an important role in be achieved by their continued
limiting the ionization in the exploitation. Currently both expetiments
terrestrial stratosphere and troposphere operate in the low pressure regime (< 1
1 At low pressures, the binary process Torr). Developments are underway in our

is operative, e.g. laboratory to extend our studies of ionic
NO+ + N02 " --. NO + NO2  (22) reactions to much higher pressures (up to
but at higher pressures, collision- atmospheric pressure). Undoubtedly, new
enhanced mutual neutralization and reaction phenomena will be identified in
ternary ionic recombination become higher pressure regimes, and a better
apparent e.g. understanding of the behaviour of
NO++NO2"+K -- product molecules + M (23) practical devices such as electron
where M is a third body (in the lower capture detcetors and plasma
atmosphere K would be N2 or 02). The chromatography cells will be obtained.
FALP has been used to provide much of the
reliable data on the binary process 60. Acknowledgments
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ABSTRACT

Following the recent report that Br2 " ions (together with Br- ions)

are observed as products in the dissociative attachment reaction of

electrons with CF2Br2 as studied using the Krypton photolonization

method, we have studied the attachment reactions of CF2Br2, CFBr 3 ,

CF2BrCF 2Br, CH2BrCH 2Br and CH2CICH 2Br using the FALP technique at 298,

380, 475K with a helium bath gas pressure of about i Torr. It was

confirmed that Br2 " is indeed a product of the CF2Br2 reaction and that

it is also a significant product of the CFBr3 , CF2BrCF 2Br and CH2BrCH 2Br

reactions along with the major product ion Br'. The production of Br2
° is

briefly discussed and it is speculated that the Br2 "/Br" product ratio

may be larger at higher bath gas pressures which are used in electron

capture detectors.
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INTRODUCTION

In the study of dissociative electron attachment reactions of

halogenated aliphatic hydrocarbons at thermal energies, an atomic halide

ion is almost invariably observed to be the only product ion (1,2]. For

monosubstituted species, e.g. CH3Br, this is not surprising since at

thermal energies no combination of products other than the halide

negative ion and CH3 can render dissociative attachment energetically

possible (e.g. CH3 " and the halogen atom cannot be produced). For

dibromomethane, CH2Br2 , again Br* is the only observed product ion (3,4),

even though Br2 " is a stable negative ion, but production of Br2 " may be

endothermic. Unfortunately, the ergicities of these reactions cannot be

ascertained with any certainty because the required thermochemical data

are not available. It is noteworthy that in the thermal dissociative

attachment reactions of the chlorinated methanes CH2C12 , CHC13 and CC14 ,

no C12 ' is observed and the only product ion is Cl" (2]

Recently, Alajajian et al (4), using their Krypton photoionization

method, have observed Br2 " as well as Br- in the dissociative attachment

reaction

CF2Br2 + e - CF2Br + Br" (-80%) (la)

- CF2 + Br2 " (-20%). (lb)

As far as we are aware this is the first example of the production of

molecular halogen negative ions in the thermal energy attachment

reactions of halogenated hydrocarbons. We therefore decided to study

reaction (1) using our flowing afterglow/Langmuir probe (FALP) apparatus

(2,5] which we have previously used to study many attachment reactions in

the herml uz vvv appreciLavlw "LN~LQuL= ranges L5).

This study was extended to include attachment reactions of other

bromomethanes and bromoethanes to determine whether Br2 " ions (or any

other molecular negative ions) were formed in these reactions. Some of
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these brominated hydrocarbons are known atmospheric pollutants (6] and

there is an obvious need to understand more of their chemistry.

EXPERIMENTAL

The FALP apparatus and the technique used for attachment studies have

been described in detail previously (2,7j. It is sufficient to say here

that a thermalised flowing afterglow plasma is created downstream of a

microwave discharge in helium, attach'ing gases are added in controlled

amounts into the plasma and then the electron number density (ne) along

the afterglow column (along the z-axis) is determined using a movable

Langmuir probe. The attachment coefficients, T, are determined by

analysing the ne versus z curves as described in a previous publication

(7]. The product ions of the reactions are identified using a downstream

quadrupole mass spectrometer operated at low resolution in order to

minimise mass discrimination. This is particularly important in the

determination of Br'/Br2 " product ratios because of the large mass

difference between these ions. The gases included in this study were

CF2Br2 , CFBr 3 , CF2BrCF2Br, CH2BrCH 2Br and CH2ClCH 2Br. Measurements were

made at gas temperatures of 298, 380 and 475 K. In order to facilitate

the accurate determination of the very small flow rates of attaching

gases, they were introduced as accurately known dilute mixtures (-1 to

10%) in pure helium as previously described (2,3,7]. The error in che P

values is considered to be ± 25%, although the relative values of the 0

for the various reactions are more accurate (± 15%)-.

RESULTS

T'ne 0 values and the product ion distributions (in percent) obtained

at the three temperatures are listed in Table 1. An interesting result

is that Br2 ' is indeed a significant product of the CF2Br2 reaction,
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confirming the result obtained using the Krypton photoionization method

(4]. Br2 " is also a product of the CFBr 3 , CF2BrCF 2Br and CH2BrCH 2Br

reactions. Because the f for the CF2Br2 reaction at 298K is close to the

maximum value of f (i.e. fimax. according to s-wave capture theory (8)),

and reaches Pmax at 475K (see Fig.l) with Br2 " comprising -15% of the

products at each temperature, then Br2 " production (reaction (Ib)) is

surely exothermic not endothermic (see the INTRODUCTION).

Several features of the data in Table 1 deserve comment. The rate

coefficient for the CFBr 3 reaction at 298K is much smaller than that for

the CF2Br2 reaction at the same temperature and increases only slowly

with temperature. From the Arrhenius-type plot in Fig.l, an 'activation

energy', Ea, of about 48 meV is obtained for the CFBr 3 reaction (a

typical value for many dissociative attachment reactions [2,3]). Also

interesting is the fact that Br2 " is a smaller percentage of the product

distribution for CFBr 3 (-8%) than it is for CF2Br2 (-14%), even though on

the basis of simple statistics the reverse would be expected. Clearly,

such a simple approach to the interpretation of the data obtained for

these reactions, even for such chemically similar compounds, is

unprofitable. However, it is clear that againr Br2 " production cannot be

significantly endothermic even thought the 0 are relatively small (it is

conceivable that the endothermicity of the CF8r 3 reaction could be of the

order of Ea i.e.-48 meV). The features of these reactions (i.e. the 0,

temperature dependences and product distributions, etc.) are likely to be

controlled by the detailed forms of the potential surfaces on which the

reactions proceed.

about 15% of the product ions are Br2 ", whereas for the slower CH2BrCH 2Br

reaction only about 3% of the product ions are Br2 "  Even within the

uncertainties of the ergicities of these reactions there are clearly
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defined exothermic channels for Br2 " production in these reactions if

ethene-like double-bonded products are formed, e.g.

CF2BrCF 2 Br + e - F2C-CF2+Br2 "  (2a)

F2C-CF 2+Br+Br" (2b)

CF2BrCF 2+Br" (2c)

Indeed, in reaction (2) the channel (2b) producing Br- and Br is

probably exothermic also; perhaps Br' is produced partly by the

dissociation of excited (Br2")* as well as by reaction (2c). Note that

the P for the slower CH2BrCH2Br reaction increases with temperature

according to the Arrhenius law (see Fig. I) and that an Ea of - 70 meV is

appropriate to that reaction (see Table 1).

In the reaction of CH2CICH 2Br, only the atomic ions Br' and CI" were

observed as products (Br' being the majority product at each temperature;

see Table 1). It is, however, conceivable that the reaction could

proceed to produce excited (BrCl')* ions which all dissociate to atomic

products C1'/Br and/or Br'/Cl in ratios depending on the temperature,

carrier gas pressure, etc. Note that the A values for this reaction are

small. From the Arrhenius plot of the data in Figure 1, a large Ea of

156 meV i 2obtained.

DISCUSSION AND CONCLUSION

The production of Br2 " in the dissociative attachment reactions of

molecules in which the bromine atoms are bonded to different carbon atoms

was somewhat unexpected, but it occurs in several reactions. Presumably,

the reactions proceed firstly by the formation of a short-lived,

vibrationally- excited parent negative ion. The single carbon-carbon

bond is then bridged temporarily to form Br2 " and, after elimination of

the Br2", an additional f-bond is formed in the product H2C - CH2 (and

F2C - CF2) molecules. The presence of the Br (and F) atoms in the
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attaching molecules presumably inhibits free rotation around the C-C bond

resulting in trans and gauche forms of the molecules, and this might

limit the fraction of Br2 " (relative to Br') that can be formed.

The present studies were carried out in helium bath gas at a pressure

of about 1 Torr. It is interesting to speculate as to how the Br'/Br 2 "

product ratio might be influenced by higher bath gas pressures. If Br2 "

is indeed formed initially in an excited state, a fraction of which

dissociate, then one might expect that collisions of (Br2 ")* with bath

gas atoms would remove excitation energy and thus minimise dissociation

to Br' and Br. Thus the fraction of Br2 " would increase at higher bath

gas pressures such as are characteristic of electron capture detectors

(91.
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TABLE I

Rate coefficients, , (cm3z"I) and product ion distributions, R, (%) for

electron attachment to some bromomethanes and bromoethanes at the

temperature indicated. The activation energies, Ea, (meV) as deduced

from the slopes of the Arrhenius plots in Fig.l are also included.

Reactant 298K 380K 475K Ea

Molecule (meV)

R R f R

CF2Br2  3.0(-7) Br'(85%) 3.7(-7) Br*(87%) 4.O(-7) Br'(86%)

Br2 "(15%) Br2 "(13%) Br2 "(14%)

CFBr 3  4.8(-9) Br'(91%) 7.4(-9) Br'(92%) 9.6(-9) Br'(95%) 48

Br2 "(9%) Br2 "(8%) Br2 "(5%)

CF2BrCF 2Br 1.6(-7) Br'(80%) 2.5(-7) Br'(85%) 3.0(-7) Br'(90%) <44

Br2 "(20%) Br2"(l5%) Br2 "(lO%)

CH2BrCH 2Br 1.5(-8) Br'\97%) 3.1(-8) Br- (97%) 4.1(-8) Br-(97%) 70

Br2 "(3%) Br2 "(3%) Br2 "(3%)

CH2CICH 2Br 1.0(-9) Br'(80%) 3.6(-9) Br'(70%) 9.7(-9) Br-(>70%) 156

Cl'(20%) CI'(30%) CI'(<30%)
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FIGURE CAPTION

Fig. 1 Arrhenius plots (0 versus T" I) for the attachment reactions of

electrons with the molecules indicated from the slopes of which

activation energies, Ea, have been derived (see Table 1). The dashed

line represents the maximum values of 0 (Omax) deduced using s-wave

capture theory [8].
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FALP Studies of the Products of " cative Recombination Reactions

David Smith, Nigel G. Adams, Ch, is R. Herd and Mark Geoghegan
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Birmingham B15 2TT, U.K.

Abstract: The FALP technique has-recently been extended to include laser

induced fluorescence andvacuumultraviolet spectroscopic diagnostics.

Now, the neutral products of some dissociative recombination reactions

can be determined. Thus we have obtained values for the fractions of OH

radicals (f0o) andHatoms (RH) releasedper recombining ion forselected

recombining ground state polyatomic ions,

i. Introduction

Dissociative recombination of molecular positive ions with electrons

is an important loss process for ionization and for the production of new

neutral species in most ionized gases and cold plasmas. The neutral

species produced by this process may be stable, relatively unreactive

molecules or very reactive radicals (atomic or molecular). In order to

understand the complex ion chemistry of media such as laboratory plasmas

(e.g. laser and etchant plasmas) and natural plasmas such as the

terrestrial ionosphere and interstellar gas clouds, a great deal of data

are required relating to ion/molecule reactions, electron attachment, ion-

ion mutual neutralization and dissociative recombination. Specifically,

the rate coefficients and the products of many such reactions are

required. In this paper we are concerned with recent determinations of

the rate coefficients, ae , and, more particularly, the neutral products

of some dissociative recombination reactions which have been made using

our flowing afterglow/Langmuir probe (FAL?) technique. We have been

exploiting the FALP apparatus for a few years to determine the ae for

particular reactions. Now, quite recently, we have added laser induced

fluorescence (LIF) and vacuum ultraviolet (VUV) spectroscopic techpiques

to the FALP apparatus and thus made possible the determination of some of

the neutral products of the dissociative recombination reactions of ions

in their ground vibronic states at 300K, including the known interstellar

ions H3 0
+ , HC02+ and H2CN

+ . This work, in part, is being carried out in

collaboration with the University of Rennes, France (B.R. Rowe and

colleagues).
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2. Experimental

The basic FALP apparatus has been described in detail previously (1I.

Briefly, thermalised flowing afterglow plasmas are produced along a flow

tube by creating a microwave discharge upstream in the carrier gas

(helium); the species in this plasma are He+ and He2+ ions, electrons and

He metastable atoms (Hem); the Hem are destroyed by introducing argon

into the afterglow thus creating more electrons and Ar+ ions (Penning

ionization). The He2+ ions are also destroyed by the Ar atoms, again

creating Ar+ ions. The He+/Ar+/electron plasma so formed decays slowly

by ambipolar diffusion. A measurement of the electron number density,

ne, along the flow tube axis, z, using the movable Langmuir probe

confirms this (a linear plot of In ne versus z being the confirmation).

The addition of appropriate molecular gases to this plasma converts the

non-recombining atomic ions to recombining molecular ions (e.g. the

addition of 02 creates an 02+/electron plasma) and then a rapid decrease

in ne along z occurs. A plot of ne'1 versus z is then linear and the

slope of the plot provides a value of a.. The a, for many reactions have

been determined in this way [1,2,3].

A particularly profitable approach to the determination of the Oe for

many reactions has been the following. By opcrating the experiment at a

high helium carrier gas pressure (-1.2 torr is appropriate), most of the

He+ ions are converted to He2+ ions in the upstream region; then the

addition of H2 to the afterglow plasma converts He2+ and He
m to H2+ which

rapidly react with H2 to form H3
+ . We have shown (2,4] that H3

+ in its

ground state does not recombine with electrons at a significant rate, (a

remarkable result from the viewpoint of interstellar chemistry), and a

plot of In ne versus z in the H3+/electron plasma confirms that ambipolar

diffusion is the only significant loss process. The addition of almost

any gas, K, to this plasma results in the rapid production of lei ions

(via the proton transfer reaction of H3+ with M) and hence MH+/electron

plasmas. Then the ae for the MH+ + e reactions can be readily determined.

In this way, the ae for many protonated species hav been determined,

including those for some important interstellar ions (e.g. HCO4, N2H+,

H3O
+ , H2CN

+ , etc.) (2,3,5).

As was mentioned in the Introduction, VUV and LIF spectroscopic

diagnostics (and also an optical monochromator) have been added to the

versatile FALP apparatus. This allows the study of light emission (and

absorption) and fluorescence from a variety of reaction processes. In
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order to determine quantitatively the branching ratios of H atoms and OH

radicals produced in some dissociative recombination reactions, the

following procedure was adopted.

A heliau microwave discharge was used as a source of Lyman-a

radiation which was directed across the diameter of the flow tube in the

downstream region and received by the slit of a VUV spectrometer tuned to

the L, wavelength. H atoms were generated in the helium carrier gas by

passing H2 through the upstream microwave cavity. Thus H atoms were

convected downstream and detected by determining the fractional

absorption of the L, radiation. The absolute H atom number densities so

determined were -101 1cm "3 . The details of this work are given in a recent

paper [6]. The addition of sufficient NO2 to this H atom swarm converts

all the H atoms to OH radicals via the reacrion H -- N-)2 -- > OH(v) + NO.

Any OH radicals generated in vibrationally excited states (v) are rapidly

quenched to the ground state in collisions with NO2 . The OH(v-0) are then

detected using the LIF facility. Thus laser light at -281 na is directed

into the flow tube and excites OH molecules in the (X,v-0) state to the

(A,v-l) state and the fluorescence at -312 nm due to (A,v-1) to (X,v-l)

transitions is detected using a filtered photomultiplier. The intensity

of the LIF at a particular rovibronic wavelength is correlated with the

absolute H atom number density, [H], as determined using the VUV

experiment and thus a calibration of the absolute OH number density,

[OH], is obtained. Further details are given in reference [6].

3. Results

(I) OH Radicals from Selected Dissociative Recombinatlon Reactions

The first reaction chosen for study was the HCO2+ + e reaction. An

H3+/electron plasma was created as described above and CO2  s added to

create the HCO2+/electron plasma. As the 02 was added, OH(v-0) was

immediately detected by the LIF facility; the intensity of the LIF

increased, as the flow of CO2 was increased, reaching a maximum when all

the Hi+ had been converted to HC09+  and all the latter ions had

recombined with electrons. To demonstrate conclusively that the OH was

indeed produced from HC02+ recombination and to determine fOH, the

fraction of OH(v-O) produced per recombining ion, the LIF intensity, I,

was determined as a function of the initial (upstream) number density of

HCO2
+ (-ne(O)) using the Langmuir probe. A simple kinetic analysis (6]
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shows that a plot of n,(O) 2/I versus ne(O) should be linear if the HCO2

+ e reartion is the source of the OH radicals. The slope of the plot

providcs a value for fOH and the intercept a value for a. for the

reaction. That the ae for HC0 2
+ +. e obtained by this method agrees

closely with the ae determined by the 'direct method' described above is

an excellent che.k on the validity of the approach and gives credence to

the value of fOH obtained (see the Table).

Any OH(v>O) produced in the recombination reaction survives in the

helium cdrrier gas and is not detected by the LIF experiment as

configured. However, the addition of NO to the OH(v) swarm upstream of

the LIF detection point caused an increase in I. This is the result of

quenchinZ of OH(v>0) to OH(v-0) by the NO. Using this method, the

fraction of OH (v>O) produced in the reaction (see the Table) and also

the rate coefficient of the OH(v>O) + NO quenching reaction were

determined (6] . The HC02+ + e reaction was then used routinely as a

calibration for che LIF intensity when studying the OH produced in other

recombination reactions. Thus the fOH for OH(v-O) and OH(v>O) have been

determinied for the recombination of 02H+, H30
+ and N20H+ tons (see the

Table and references [7,8]). It is worthy of note that radiation

emission in the wavelength region near 306 nm was detected from the

recombining HCC2+/electron plasma. This has been attributed to the

production of electronically excited OH(A-state) in the recombination

reaction (these moleculea radiate quickly (in -700 ns) and are detected

by the LIF as OH(X-state) molecules.

(11) H atoms from Selected Oissoclative Recombination Reactions

The fraction of H atoms released per recombining ion, fN, cannot be

determined directly by VUV absorption because the H ato, number density,

(H), generated is not sufficient to result in an accurately measurable L.

absorption. So this had to be carried out, again by converting the H

atoms to OH using NO2 and by exploiting the LIF facility. These studies

were also complicated due to the presence of background H atoms generated

in the ion chemistry needed to prepare the recombining plasmas. Two

different experimental approaches were taken. (i) H3+/electron plasmas

were created as described above (i.e. at a helium carrier gas pressure of

1.6 torr) and, as before, MH+/electron plasmas were created by the

addition of appropriate gases, K. H atoms were present in the carrier

gas due to (a) the H2
+ + H2 - > H3

+ + H and the Ar+ + H2 - > ArH+ + H

reactions, (b) the recombination of any H3+(v>3) in the gas phase and
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H3+(v0O) at the walls and (c) from the recombination of KH+. To account

for the background H atoms due to (a) and (b) and hence to determine fH

due to the reaction KM
+ + s (in (c)), experiments were carried out using

an O 2H
+ recombining plasma (M-02 ). On addition of 02, first (OH], and

hence f0 H, was determined for the recombination of 02H+. Thus fOH was

found to be 0.6 and hence it follows that H - 0.4 (since if OH is nct a

product of the recombination reaction, then an H atom must be). Thus on

addition of NO 2 to the carrier gas, OH was formed from the H atoms

generated by (a), (b) and (c) above, and since (c) is accounted for, the

background H atom number density can be deduced. Now other gases, M,

were added to generate other IH+ ions (see the Table) and the H were

deduced. It must be noted, however, that differential diffusion of H

atoms (not destroyed at the walls of the flow tube) and OH radicals

(destroyed, in part, at the walls) had to be accounted for. This was

achieved by using the HCO+ + e - > CO + H reaction as a calibration,

noting that for this reaction fH - 1 and no OH is generated (8]. Using

this procedure an effective relative diffusion loss factor of 1.7 was

obtained.

(ii) Using method (i), the H atom background was relatively large and so a

second method was used to reduce this background. This involved our

'double microwave cavity method' in which a second cavity was used

downstream of the cavity which created the plasma. The second cavity was

only weakly energised in order to heat away the plasma electrons (and

ions) ensuring that Hem  are the dominant reactive species downstream.

Then the Penning reaction Hem + CO - > CO+ + e + He was exploited to

create a CO+/electron plasma to which H2  was added to generate an

HCO+/electron plasma via the reaction CO+ + H2 - > HCO+ + H (i.e.

creating only one H atom per ion). The addition of M to these plasmas

then created KH+/electron plasmas with relatively little H atom

background. We also exploited the reaction He" + Ar - > Ar+ + e + He

and used the Ar+ ions as precursors for some experiments (e.g. Ar+ + H 20

-> H2O
+  + Ar; then H2O+ + H20 - > H30 + + OH). The fH were

determined by adding NO2 as described under (i). Thus, using both

methods () and (i!) the fu for several reactions were obtained and

these, together with fOH, are given in the Table. The details of these

experiments and a discussion of the results will be given in a later

paper.
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4. ConcludinRemarks

The results reported here for fOH and NH are the first ever reported

for the dissociative recombination of ground state polyatomic ions.

These kind of data are vital if a proper understanding of dissociative

recombination and of plasma chemistry are to be obtained. The data

obtained to date are of immediate value to interstellar chemistry, as has

been discussed in a recent paper (7). Clearly, the FALP experiments can

be extended to determine the N1 for many other ions and also to

determine, for example, the fCN for CN-bearing ions (e.g. H2CN
+ , CH3CNH

+ ,

etc.). Such experiments will soon be initiated.
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Table of values of fOH(v-O), fOH(v>O) and fN. Also included are the fN

data obtained by the Rennes group using their FALP apparatus and VUV

absorption to determine f4 directly. For further explanation of foH, see

Reference (6].

Recombining fOH(v-0) fOH(v>O) N f

Ion B'ham Rennes

N2H +  1.0 1.0*

HCO +  0 0 1.0 1.0*

02H +  0.40 0.20 0.40

HCO 2
+  0.17 0.17 0.73 0.83

N2OHi+  0.14 0.17 0.70 0.98

H30 +  0.46 0.19 1.0 1.16

C2H5+  1.17 1.35

N14 +  0.86 1.03

H2CN
+  0.63

CH3CNH
+  - 0.69

OCSH +  0 0 -0.1 0.31

H3S
+  - 0.48 0.38

CH5
+ + 1.16 1.19

* Calibration reaction
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SIFT STUDIES OF THE REACTIONS OF F4, Cl+ , Br+ AND I+ AT 300K

Christopher A. Mayhew and.David Smith

School of Physics and Space Research, University of Birmingham
Birmingham B15 2TT, U.K.

Abstract: The rate coefficients and ionproductdistributions have been

determined for the reactions of F+, Cl+ , Br+ and I+ with N2 , D2 , H2, CO,

CO2 , CH4 , H20, 02, C2 H2 , OCS, C2 H4 , H2 S, NH3 , N O andC 6 H6 using the SIFT

technique. Several reaction processes are observed and the results are

interpreted in terms of the recombination energies of the reactant ions

the ionization energies of the reactant molecules and the available

electronic states in the product ions.

1. Introduction

The ground state of the singly-charged atomic halogen positive ions

have a 3P2 ,1,0 configuration, the 3P2 being the lowest energy state. The

recombination energies of the 3P2 states of the ions are F+(17.42eV),

Cl+(12.97eV), Br+(ll.8leV) and I+(lO.45eV). The large recombination

energy of F+ ions renders charge transfer energetically possible with all

molecular gases, whereas charge transfer can only occur between I+ ions

and molecules of low ionization energies. However, when charge transfer

cannot proceed, other 'chemical' reactions may occur in the gas phase

such as atom abstraction, hydride ion transfer and ion/molecule

association; indeed, these processes can occur in parallel with

exothermic charge transfer. Clearly, the reaction processes that can or

may occur will also depend on the nature of the reactant molecule. Some

previous studies have been carried out on the reactions of F+ , Cl+ and

Br+ with a number of simple molecules at room 'temperature [1-4]. We

have, however, undertaken a more extensive and systematic study of the

reactions in the gas phase of all four atomic halogen ions vith some

fifteen molecular gases varying in atomicity, ionization energy, bond

strengths etc., with a viev to elucidate how the ionic and molecular

Prk' rte det--- ------ h --- lr& ------- t~n

2. Experimental

The experiments were carried out at 300K using our selected ion flow

tube (SIFT) apparatus. The details of the apparatus, the experimental
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method and the analysis of raw data to obtain the rate coefficients and

ion product distributions have been described in a recent review (5). It

is sufficient to say here that the reactant ions were created in electron

impact ion sources (both high pressure and low pressure sources were

used) containing an appropriate vapour (CF3Br for F+ and Br+ , CCI 3Br for

CI+ and CH31 for I+) and injected into pure helium carrier gas at a

pressure of -0.5 torr in the SIFT. Reactant gases were added in

controlled amounts to the reactant ion swarm/carrier gas and the rate

coefficients and product ion distributions were determined in the usual

way.

3. Results

The fifteen molecular species included in this study ordered in

decreasing ionization energy (given in eV in parenthesis) are N2(15.58),

D2 (15.46), H2 (15.43), CO(14.01), C02(13.77), CH4 (12.62), H20(12.61),

02(12.06), C2H2 (ll.40), OCS(II.17), C2H4 (l0.50), H2S(l0.47), NH3 (I0.15),

NO(9.25) and C6H6 (9.24). The rate coefficients and ion product

distributions for the reactions of these molecules with F+, Cl+, Br+ and

I+, some sixty reactions, represents a large amount of data which will

be reported and discussed in detail in two longer publications (6,7).

Here we summarise the essential features of the data by discussing the

reactions of each reactant ion species as a group.

(1) The F+ Reactions

F+ is a closely spaced triplet with large recombination energies, in

eV, 17.42( 3P2 ), 17.47(3p,), 17.48( 3P0 ). Charge transfer is energetically

allowed with all the molecules included in the study and this process is

observed in every reaction. The reactions are all fast (i.e. the

measured rate coefficient, k, is equal to, or close to, the collisional

rate coefficient, kc) except for the CH4 reaction, for which k -0.1 kc

(see below). That these reactions are so efficient is due to the

accessibility of electronic states of the product ions with good Franck-

Condon Factors from the ground state of the reactant molecules (8].

Dissociative charge transfer cannot occur in the reactions involving the

molecules with large ionization energies and so only the parent positive

ions are observed as products (e.g. N2+, CO
+ and C02+). For most of the

other reactant molecules, fragmentation of the molecular ions occurs

following charge transfer; for example, HS+ and S+ (and not H2S
+ ) are the
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ionic products of the H2S reaction. The CH4  reaction is interesting

since, as mentioned above, it is slow and a single dissociative product

Ion, CH3+, is observed. It seems likely. that the F+ + CH4 reaction

proceeds to a purely electronic repulsive state of CH4 + (dissociating to

CH3
+ + H) or to a fully predissociated state of CH4 +.

The NO and 02 reactions are worthy of special note. Again these

reactions are rapid (k-kc) and a single product ion is observed in each

reaction, i.e. NO+ and 02+. Since these charge transfer reactions are

clearly very exothermic to produce ground vibronic state NO* and 02+

ions, we surmise that the reactions proceeded to produce (NO+)* and

(02+)* in metastable electronic states. These metastable ions are known

to react with Ar atoms (9) and, thus, using argon as a monitor gas we

confirmed that the metastable ions were indeed formed in the F+ reactions

with NO and 02.

(11) The C1+ Reactions

Cl+ is also a closely spaced triplet with energies, in eV, of 12.97

(3P2), 13.05( 3P,) and 13.09( 3P0 ). Charge transfer is allowed with all

the molecules included in the study except for N2 , D2 , H2, CO and C02 ,

and it is observed when it is energetically allowed, often in parallel

with other processes. The reactions with CO and CO2 result in the

production of the association ions C1+.CO and CI.C02 ; with D2 and H2 the

product ions are DCI + and HCI+ . Most of the binary reactions are fast,

the major exception being the charge transfer reaction with C2H2 which is

very slow (k'<O.05 kc), and this is interpreted as being due to the poor

Franck-Condon overlap between the ground state of the neutral molecule

arid the accessible vibronic states of the corresponding molecular ion.

There is also a propensity for the formation of H-Cl and C-Cl chemical

bonds in some of the products of these Cl+ reactions (for example, H2C1
+

and CH2Cl
+ are products of the Cl+ + CH4 reaction).

(111) The Br+ Reactions

The energies of the triplet states of this ion, in eV, are 11.81(3P2),

123 3  .- A an 1 The CmeAllotr recombination energies of these

ions ensures that charge transfer can occur with fewer molecules in the

list. The 02 reaction is of interest because the ionization energy of

02, which is 12.06eV, lies between the recombination energies of Br+ in

the 3P2 and 3P1  states. Thus charge transfer is not allowed with

Br+(3P 2 ) whereas it is with the 3p, and 3P0 state ions and then it is
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observed to occur rapidly. Charge transfer occurs in most cases when it

is allowed but 'chemical reactions' are more evidient for Br+ than for F+

and Cl+ . For example, CH2Br
+ is a product of the CH4 reaction and BrS+ is

a product of the OCS reaction.

(iv) The 1+ Reactions

The energies of the triplet states of this ion, in eV, are 10.45(3P2),

11.23(3P,) and 11.33( 3P0 ). Charge transfer is thus energetically allowed

only with OCS, C2H4 , H2S, NH3, NO and C6H6 , and with the last four

molecules it does occur producing only the parent ions (H2S
+ , NH3

+ , NO+ ,

C6H6+). C2H4
+ is a minor product of the C2H4 reaction and, significantly,

OCS+  is a 45% product of the OCS reaction which corresponds to the

fraction of the 3PI, 0 ions in the I+ swarm, assuming a statistical weight

distribution. The I+(3P 2) ioas cannot charge transfer with OCS but the

reaction of ions in this state proceed efficiently to produce IS+ and CO.

The 1+ reactions with CO .?nd C2H2 are ternary association reactions

producing I+.CO and l+.C 2H., the C2H2  reaction being particularly

efficient.

4. Concluding Remarks

A wide variety of reaction processes are evident in this study of the

reactions of singly charged atomic halogen ions. Charge transfer is an

important process, exclusively so for the energetic F+  reactions, and

ion/molecule association and 'chemical reactions' occur to a greater

extent for the less energetic ions. The details of this extensive study

will be reported soon in two major papers (6,7].
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